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Abstract. The aim of this paper is to illustrate the use of Multi-
Wavelength Anomalous Diﬀraction (MAD) and Diﬀraction Anomalous
Fine Structure (DAFS) spectroscopy for the study of structural prop-
erties of semiconductor nanostructures. We give a brief introduction
on the basic principles of these techniques providing a detailed bibliog-
raphy. Then we focus on the data reduction and analysis and we give
speciﬁc examples of their application on three diﬀerent kinds of semi-
conductor nanostructures: Ge/Si nanoislands, AlN capped GaN/AlN
Quantum Dots and AlGaN/AlN Nanowires. We show that the combi-
nation of MAD and DAFS is a very powerful tool to solve the structural
problem of these materials of high technological impact. In particular,
the eﬀects of composition and strain on diﬀraction are disentangled and
composition can be determined in a reliable way, even at the interface
between nanostructure and substrate. We show the great possibilities
of this method and give the reader the basic tools to undertake its use.
1 Introduction
Multiwavelength Anomalous Diﬀraction (MAD) was ﬁrst developed in the 1980’s in
order to solve macromolecular structures [1–3]. The principle was to enhance the scat-
tering from selected (resonant) atoms by changing the incident photon energy around
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one of their absorption edges, and experimentally solving the crystallographic phase
problem. Similarly to X-ray Absorption Fine Structure (XAFS) spectroscopy, Diﬀrac-
tion Anomalous Fine Structure (DAFS) spectroscopy provides information about the
empty electronic orbitals/states and the local atomic environment of resonant (anom-
alous) atoms selected by the diﬀraction condition [4–7]. The appearance of Diﬀraction
Anomalous Fine Structure (DAFS) in the diﬀracted intensity was observed for the
ﬁrst time in the mid-ﬁfties by Y. Cauchois [8,9]. Since then, applications/studies
have been sporadic [10–12], until Stragier et al. [4] gave an elegant demonstration of
the interest of DAFS with a Cu single cristal. Soon after I.J. Pickering et al. [13,14]
measured DAFS spectra of powdered magnetite. The reader can ﬁnd extensive infor-
mation about the early days of DAFS in the review articles by Sorensen et al. [15]
and more recently by Hodeau et al. [3].
The very long incubation of DAFS could seem quite surprising if one thinks of
the vast and massive application of Extended XAFS and X-ray Diﬀraction (XRD) to
material science in the last thirty years. Indeed, DAFS provides both the advantages
of X-ray diﬀraction and absorption, but it is more than addition of absorption and
diﬀraction, it is simultaneously a site and chemically selective probe. For instance,
in case of samples in which diﬀerent local environments coexist, XAFS spectroscopy
may fail to give pertinent information since, due to the lack of spatial selectivity, all
the diﬀerent environments are probed. The site/spatial selectivity of DAFS helps to
solve the diﬃculty by selecting individual sites, which is clearly interesting for both
absorption and diﬀraction scientiﬁc communities.
One of the reasons why this technique did not take oﬀ rapidly is that, from a
technical point of view, it presents tight experimental requirements. Essentially one
needs an undistorted signal and a very high signal-to-noise ratio as a function of the
energy, as for Extended XAFS (EXAFS), to perform a quantitative analysis of ﬁne
structure oscillations, an analysis on a diﬀraction yield that is only a very small frac-
tion of the total one (usually few %). Fortunately, the development of Synchrotron
Radiation facilities, including third generation sources, has marked an advance for a
number of new spectroscopic techniques, among them DAFS.
Together with technical improvements, data analysis has also come along, relying
on one hand on the solid support and established MAD data treatment, and, on the
other hand, on the EXAFS approach [4,12], using available and well-known codes for
ab initio calculations, data simulation and analysis. Indeed, although DAFS contains
contributions of both the real and imaginary parts of the complex anomalous scat-
tering factors (XAFS is proportional to the imaginary part), they can be analyzed,
in the extended region, like EXAFS [16]. An eﬃcient program for simulating the near
edge DAFS is now also available [17].
However, one must mention an intrinsic limitation of DAFS that is the diﬃculty
(but it is not always impossible!) to correct the data for self absorption when mea-
suring bulk samples (see for instance [18,19]). Therefore the method is deﬁnitely well
suited for studying thin ﬁlms or heterostructures [5,20–25]. Also, in some cases, mul-
tiple diﬀraction inside the sample can be a source of signal distorsion.
In the past few years MAD and DAFS have been applied to systems of great tech-
nological interest as semiconductor nanostructures [26–30]. The knowledge of strain,
chemical composition, inter-mixing at the interfaces – i.e. structural properties at the
long and short range scale - are of great importance to understand the growth mech-
anism as well as the electronic and optical properties of hetero and nanostructures.
Strain is closely related to composition, shape and aspect ratio of the nanostructures,
and on the mutual stress which nanostructures, substrate and the matrix apply to
each other.
X-ray diﬀraction is known to be a powerful tool for measuring strain ﬁelds (see
ref. [31,32]). The combination of MAD (see Sect. 2), which allows to extract the
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scattering amplitudes of resonant and non resonant atoms (chemical mapping in
reciprocal space), and DAFS, which allows to determine the local environment of
atoms located in an iso-strain volume [33] selected by diﬀraction is a very powerful
approach to disentangle strain and compostion.
In addition, X-ray diﬀraction is a non destructive method that averages over many
individual nanostructure and gives statistically relevant structural properties such as
strain and composition. However, the structural properties of individual nanostruc-
tures can be obtained by using sub-micron beam size and/or coherent scattering (see
for instance [34]).
A major technical improvement of DAFS spectroscopy, that is thoroughly de-
scribed in this article, is to perform the experiment in grazing incidence geometry
(GIMAD and GIDAFS) to reduce the substrate scattering contribution, allowing to
focus on the structural properties of nanoobjects [35,36]. The examples that we give
of GIDAFS applications refer indeed to challenging nano-materials with strong tech-
nological impact.
2 Multiwavelength anomalous diﬀraction and grazing incidence
MAD: Principles
The atomic scattering factor can be written as:
f(Q, E) = f0(Q) + f ′(E) + if ′′(E) (1)
where Q is the scattering vector, Q its amplitude, E the photon energy, f0 the
Thomson atomic scattering factor, f ′ (respectively f ′′) the real (resp. imaginary)
parts of the resonant scattering factor. When performing a MAD experiment, f ′ and
f ′′ can be measured before the diﬀraction experiment, generally using a ﬂuorescence
measurement [3]. As is shown in Fig. 1, f ′ and f ′′ depend both on the environment of
the resonant atom and on the polarization of the incoming X-ray beam: this anisotropy
of anomalous scattering [37–40] must be taken into account when analysing diﬀraction
data.
To calculate the diﬀracted intensity, let us consider an assembly of N atoms
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−MlQ2 is the x-ray diﬀraction Debye-Waller
factor. For the sake of simplicity, we will assume that the complex atomic scattering
factors f(Q, E) of all atoms corresponding to the same element are equal.
According to the schematic representation in Fig. 2, the scattered intensity from
the crystal structure can then be written by separating the resonant scattering con-
tribution of all anomalous atoms from the non resonant one:
I(Q, E) ∝ |F (Q, E)|2 =
∣∣∣∣FT + FA







where FT denotes the total structure factor excluding the terms coming from the
resonant terms f ′A and f
′′
A. FA corresponds to the Thomson scattering of anomalous
atom A only.







































Fig. 1. Resonant scattering factors for gallium atoms in GaN: (top left) f ′′Ga and (bottom
left) f ′Ga, both given for an incident X-ray beam parallel (blue) and perpendicular (red) to
the (0001) direction, with a strong anisotropy. (right) f ′′Ga as a function of f
′
Ga, represented
in the complex plane. The energies used in a multiwavelength (GIMAD) resonant experi-
ment should cover the largest area of the loop to yield the highest sensitivity. The small
loops appearing in the energy range 10372–11000 eV, above the absorption edge (10367 eV),
correspond to the Fine Structure, which is exploited in DAFS experiments (see Sect. 3).
(a) (b)
Fig. 2. (a) Principle of Multiwavelength Anomalous Diﬀraction: schematic representation
in the complex plane of the structure factor F , and its relationship with the partial structure
factors FT , FA and FN . The scattered amplitude (FT ) is separated into the partial structure
factors of the resonant atoms (FA), and the non-resonant atoms (FN ). FT represents the
total scattered amplitude, excluding the resonant scattering of the resonant atoms (i.e. all
terms which include f ′A and if
′′
A). (b) Schematic representation of ﬁrst order contribution of
χ′j and χ
′′
j to structure factor F and to the Extended Diﬀraction Anomalous Fine Structure
oscillations. The wavy curve stands for all other atomic oscillatory contributions. F0 is the
total structure factor excluding the ﬁne structure oscillations.
The classical [2] MAD equation, giving the relationship between the intensity and
the photon energy, can then be written as:









[f ′A cos(ϕT − ϕA) + f ′′A sin(ϕT − ϕA)]
(4)
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where ϕT (resp. ϕA) is the phase of the complex partial structure factor FT (resp.
FA). An equivalent formula, detailing the ﬁne structure factors in the resonant terms,
will be presented in Sect. 3.
One can also write another useful expression for the scattered intensity by decom-
posing FT in two contributions: FT = FA + FN , where FN is the partial structure
factor corresponding to all non anomalous atoms:
From Fig. 2(a) one readily writes:


















A) cos(ϕN − ϕA) + f ′′A sin(ϕN − ϕA)
]
(5)
where ϕN is the phase of the complex partial structure factor FN .




A are known, so that the three unknowns remain: FT ,
FA and Δϕ = ϕT − ϕA. These can be determined if the scattered intensity is mea-
sured for at least three energies around the absorption edge. Diﬀerent strategies then
apply:
– in structural biology, a large number of reﬂections (> 104) is measured, and there-
fore the goal is to minimize the crystal exposure to X-rays, while determining a
reasonably good starting value for FA and most importantly Δϕ.
– for semiconductor nano-structures, a scattering map is collected around one or
a few reﬂections. Moreover, the unit cell structure is known, and therefore so is
Δϕ, so that a measurement at two energies can be enough to determine the com-
position, as was shown by the works of Magalha˜es-Paniago, Schu¨lli, Malachias
and co-workers [41–43]. However, this is only true as long as the nano-objects
can be decomposed in iso-strain regions [33], i.e. in practice when the objects
are large enough, and present large strain gradients. For smaller or buried ob-
jects, no a priori values can be assumed for Δϕ and at least 3 energies must be
used.
In practice, data collection of GIMAD data is relatively fast (a few seconds per point
of a hkl-scan combined to a 1D or 2D detector to produce a 2D or 3D map-, each
hkl-scan taking a few minutes), so that it is advantageous to use a dozen of ener-
gies in order to improve the accuracy of the determination of FT , FA and Δϕ. A
program allowing the data extraction has been speciﬁcally developed for GIMAD
data [44].
Two other points must be taken into account when considering grazing incidence
diﬀraction:
– Distorted Wave Born Approximation eﬀects [45]: the incident X-ray beam is re-
ﬂected on the substrate surface, so that the scattering of objects above the surface
can proceed either directly or through reﬂections above or below the surface. The
reﬂection coeﬃcients must then be taken into account, although it does not aﬀect
the validity of Eq. (4).
– If the substrate contains anomalous atoms [46] or if the objects above the surface
are thick enough, the absorption correction and/or the dependence of the reﬂection
coeﬃcients on the photon energy must be taken into account. Calculating this
correction can be diﬃcult if the substrate includes a high percentage of resonant
atoms; however it was shown that it is also possible to use an internal standard
to achieve this [46].
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3 Diﬀraction anomalous ﬁne structure
3.1 EDAFS to ﬁrst order
In the extended region above the edge, the anomalous atomic scattering factor can be













where f ′0A + if
′′
0A is the anomalous scattering of bare neutral atoms and Δf
′′
0A is the
contribution of the resonant scattering to f ′′0A. The smooth atomic scattering factor







The real and imaginary components of the complex extended diﬀraction anom-
alous ﬁne structure χ˜ = χ′j + iχ′′j , are related by the Kramers-Kronig transforms
and the imaginary component χ′′j is related to EXAFS χj by the following equation:
χj(E) = Imχ˜(Q = 0, E).
One can write the structure factor as follows:










to ﬁrst order, the intensity can be written:
























2f ′′0A|FA| is a normalization factor. By inspection of Eq. (4) and Fig. 2, one
readily sees that the knowledge of βTA =
|FA|
f0A|FT | and ϕT−ϕA is suﬃcient to determine









tan(ϕ0 − ϕA) = sin(ϕT − ϕA) + βTAf
′′
0A








+ [sin(ϕT − ϕA) + βTAf ′′0A]2 . (11)
Equation (10) shows that phase ϕ0 depends on the energy. The crystallographic
weights
w′j =
|Fj | cos(ϕ0 − ϕj)
|FA| cos(ϕ0 − ϕA) (12)
and
w′′j =
|Fj | sin(ϕ0 − ϕj)
|FA| sin(ϕ0 − ϕA) (13)
represent the orthogonal projections of χ′j and χ′′j on the vector F0 in the complex








j = 1. One can calculate them provided that the
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Fig. 3. Spatial selectivity of a diﬀraction experiment, shown for a simulated GeSi uncapped
dome grown on Si(001) (see Sect. 5.1). The two-dimensional maps represent the diﬀraction
weights w′j=Ge for diﬀerent Q(h, 0, 0) vectors with h = 3.97, 3.96, 3.95 and 3.93. Decreasing
h corresponds to increasing the height z of the scattered region in Bragg condition. The
weights are summed along the [100] direction and plotted in the yz plane.
crystallographic structure is known, or determine them if the individual χ′j(χ′′j ) are






j is to be com-





The fundamental diﬀerence are the weights w′′j that give DAFS site/spatial
selectivity.
As an example we have calculated the EDAFS weights for a GeSi uncapped dome
grown on Si(001) (see Sect. 5.1). The {dome + substrate} structural model was
obtained by atomistic simulations that are shown in the following Sect. [47]. As ex-
pected, the uncapped dome relaxes in the growth direction (z axis), i.e. the in-plane
lattice parameter increases with z. Therefore decreasing the in-plane reciprocal unit
h = 4(1 − ε) in reciprocal space close to the Si 400 reﬂection, where  is the island
in-plane strain (ε >0), means selecting a region of the island at a higher z value above
the Si surface.
Figure 3 shows the relative contribution (w′j) of the real part χ′j of an individ-
ual Ge atom j to the total χ′ oscillations, for diﬀerent h values, calculated for the
structural model. The iso-strain regions along the z direction are clearly put in evi-
dence as a function of h. Also, one can observe a broadening going from the interface
to the top of the dome. The maps give a direct and quantitative estimation of the
spatial resolution in the z direction showing that a high resolution is achieved at the
interface.
3.2 EDAFS path formalism
Using the paths formalism [48], the complex extended ﬁne structure that depends on












2me(E − E0) is the photoelectron wavenumber, E0 the edge energy, Rγj
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the eﬀective length of path γj and ϕγj(k) the net scattering photoelectron phase
shift.














When the virtual photoelectron probes similar local atomic environments for all
resonant atoms j (as for instance Ge atoms in GeSi/Si(001) islands), one can set
Aγj = Aγ , ϕγj = ϕγ and average on photoelectron scattering paths γj over all j
sites. So, in Eq. (8) one can write:
NA∑
j=1
w′j cos (2kRγj + ϕγj) = e
−2k2σ2γ cos
(
2k 〈R〉γ + ϕγ
)
(16)
where 〈R〉γ is the average eﬀective length of path γ and σγ the bond-length disorder
(static and dynamic Debye-Waller factors). A similar expression is obtained with the
sine terms. Note that the same kind of averaging is performed in the case of EXAFS
but here a weighting of the γj paths is performed by wj factors which express the
diﬀraction condition, and allow one to select an isostrain region of the sample as
shown in Fig. 3.












In Eq. (17), the χQ expression is very similar to the EXAFS one, the only diﬀerence
being the crystallographic phase Δψ = ϕ0(k)− ϕA − π2 in the sine argument.
3.3 DAFS and EDAFS data reduction and analysis
In this section we address DAFS data reduction and show how to recover precise
information on the composition by analysing the cusp (or line-shape) of a DAFS
spectrum. As shown in Sect. 2, the MAD method allows to extract the partial struc-
ture factors FA, FN and phase diﬀerence ϕN − ϕA by measuring diﬀraction curves
(or maps in reciprocal space) at several energies in the vicinity of an absorption edge
of one element (the resonant atom) that belongs to the nanostructures. This method
provides a powerful way to discriminate, in reciprocal space, the resonant atoms scat-
tering (its modulus). Then one can recover model-free parameters as the actual strain
and size of the nanostructures [28,29,50,51] as well as the composition in the case of
a binary alloy.
Fitting Eq. (5) to a DAFS spectrum cusp is equivalent to performing a MAD
ﬁt (see Sect. 2) with a very detailed data as a function of energy and on a wider
energy range as shown in Fig. 4. It gives very precise values of |FA||FN | and ϕN − ϕA.
In the case of a homogeneous binary alloy, ϕN − ϕA = 0 and the ratio |FA||FN | readily
gives the amount of intermixing. So, it is convenient to combine MAD and “iso-strain
scattering” methods (see Sect. 5) to recover the composition in the iso-strain regions
picked up by the diﬀraction condition. The method still applies when ϕN − ϕA = 0
provided that one can assume that |FA| (resp. |FN |) is proportional to the number
of A (resp. N ) atoms. In the most general case, the crystallographic structure must
be used to ﬁt DAFS spectrum and reﬁne the occupation factor of the resonant atoms
[5,16,24,25].
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Fig. 4. (a) AlGaN nanowires grown on Si(111) (see Sect. 5.2). Raw DAFS spectra measured
at h = 1.03, l = 5.12 and h = 1.03, l = 5.05 (k = 0) and ﬂuorescence yield (all data
are normalized to the incoming beam intensity Imon.). (b) Experimental DAFS spectrum
measured at h = 1.03, l = 5.05 (k = 0), corrected for ﬂuorescence. The ﬁt curves were
obtained with the experimental f ′Ga and f
′′
Ga and the Al1−xGaxN wurtzite structure for the
N- and Ga- polarities. Only the Al content 1− x was reﬁned. No absorption correction was
applied.
3.3.1 Data measurement and reduction
For the sake of simplicity and pedagogy, we show hereafter the data reduction and
analysis of DAFS spectra obtained for AlGaN/Si(111) nanowires (NWs, see Sect. 5.2).
The experiment was performed at the French Collaborative Research Group (CRG)
beamline BM2 at the European Synchrotron Radiation Facility (ESRF). Intensities
of symmetric Bragg reﬂections, i.e. with equal incident and exit angles, were mea-
sured with an 8-circle diﬀractometer (Euler geometry). The diﬀraction vector was in
the vertical plane, i.e. the incoming and diﬀracted beam polarization vectors were
(stayed) perpendicular to the diﬀraction vector. Beam size at the focal point was
about 0.3×0.15mm2, thus illuminating a large assembly of NWs. Scattered intensity
was recorded by a linear gas-detector (VantecTM ) spanning over an exit angle range
of about [0–2◦] and the incident X-ray beam was monitored by a dedicated photodi-
ode (Imon.) [19].
DAFS spectra were measured at the Ga K-edge (10367 eV), intensities were
recorded over an energy range of 1000 eV and with an energy step size of 2 eV before
the edge and 0.06 A˚−1 in k -space after the edge. The background intensity (mainly
ﬂuorescence) was additionally monitored in order to correct the data for the ﬂuores-
cence and diﬀuse scattering signals. Also, very important, the ﬂuorescence data was
used to obtain experimental f ′Ga and f
′′
Ga curves to be used for ﬁtting DAFS data.
So, the optical transfer function, including the monochromator resolution, and the
ﬁnite lifetime of the virtual excited state is correctly taken into account. Finally, the
crystallographic structure of nitride compounds being hexagonal (wurtzite structure),
f ′Ga and f
′′
Ga strongly depend on the orientation of the incoming and scattered beam
polarisation vectors with respect to the hexagonal crystallographic axes [37,52,53]. It
is mandatory to use experimental f ′Ga and f
′′
Ga to obtain reliable results.
Figure 4(a) shows raw DAFS spectra measured at h = 1.03, l = 5.12 and h = 1.03,
l = 5.05 (k = 0) (see Sect. 5.2) together with the background intensity variations
(mainly ﬂuorescence yield) measured at h = 1.07, l = 5.25, close to the points in
reciprocal space where DAFS spectra were measured. All data shown in Fig. 4 are the
intensity integrated over the linear detector, Idiff., and normalised to the incoming
beam intensity Imon.: Idiff./Imon.. Given the amount of Ga atoms in the sample,
the ﬂuorescence yield is weak and, most importantly, the jump at the Ga K-edge
is small in comparison with the anomalous diﬀraction intensity variation. Resonant
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scattering factors f ′ and f ′′ were obtained in two diﬀerent ways. For Al and N atoms
we used the theoretical values obtained with the Cromer and Liberman program [54].
For Gallium atoms, the experimental f ′′Ga was obtained by scaling the ﬂuorescence
intensity (normalized to the incoming beam intensity and multiplied by the incoming
beam energy, see for instance [55]) to the theoretical f ′′Ga. Then, we used the Kramers-
Kronig transforms to calculate f ′Ga [55,56]. All calculations were performed with the
DIFFKK software [48].
DAFS intensity is related to the square modulus of the structure factor according
to the following formula:
I(Q, E) = KD(E)L(Q, E)PA(Q, E) |F (Q, E)|2 (18)
where I is corrected for the background intensity (mainly ﬂuorescence), K is a scale
factor, D the detector eﬃciency, L and P the Lorentz and polarization factors for
Thomson scattering, A the absorption correction. F (Q, E) is the structure factor cal-
culated in the Born Approximation (incident/outgoing wide angles). The D factor
takes into account the whole detection set-up, comprising the detector eﬃciency and
absorption all the way from the monitor to the diﬀraction detector. It is not always
possible to perform a direct measurement of the base-line, without inserting attenua-
tors in the direct beam. However, the energy dependence of D is often linear inside the
energy range of interest, so that D may be ﬁtted to DAFS spectrum with a straight
line (D = m(ΔE + 1)), where m is the only adjustable parameter, ΔE = E − E0,
and E0 is the edge energy. In some cases, a parabolic dependency, correlated to the
beam defocusing as a function of the energy, is necessary.
Care must be taken to measure DAFS spectrum far enough from the absorption
edge up to the point where anomalous scattering is negligible, otherwise the m para-
meter is correlated to crystallographic phase ϕT − ϕA. For a rotation scan, i.e. with
the rotation axis perpendicular to the plane of incidence (containing the incident
(resp. outgoing) k (resp. k′) vector, Q = k′ − k), L = λ3sin 2θ (for the calculations
of Lorentz factor see for instance [55]). The polarisation correction for the Thomson




μ′) is the polarisation vector
of the incoming (outgoing) beam. At a bending magnet, the polarization of the beam
that propagates in the electron orbit plane, is linear and perpendicular to the vertical
plane of incidence (containing k and Q) that was used for all experiments reported
hereafter, then εμ.ε
∗
μ′ = 1. Also, with this scattering geometry the polarisation de-
pendence of f ′Ga and f
′′
Ga are the same for the incoming and scattered beams and do
not change as function of Q and the energy. It is worth noting that in principle L
and D do depend on the X-ray beam energy, however these functions vary smoothly
at the scale of DAFS energy range.
3.3.2 Absorption correction
The absorption correction A depends on the energy, it lowers the intensity level after
the edge. For bulk samples the eﬀect is very strong and ”kills” DAFS signal. The great
advantage of nanostructured samples is that the absorption correction is weak if not
negligible. In symmetric Bragg geometry and for an incident beam projection area











where α is the incidence angle and μ is the linear absorption coeﬃcient. The absorp-
tion correction takes into account the change of the X-ray beam footprint area as a
function of α.
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3.3.3 Non centrosymmetric structure. Polarity
In the case of a non centrosymmetric structure one must remember that Friedel’s law
is no longer valid: (I(hkl) = I(h¯k¯l¯)) and that the diﬀerence in the diﬀracted intensity
of Bijvoet pairs1 of reﬂections can be signiﬁcant and measurable when resonant eﬀects
(f ′′) are not negligible. This eﬀect is very strong in the case of nitride compounds
which grow with the wurtzite structure (space group P63mc, polar structure), and
has been recently used to determine the polarity of GaN/Si(111) NWs [58]. Polarity is
deﬁned by considering the orientation of Ga-N bonds that are collinear with the c-axis
of the wurtzite cell. The vector going from Ga and pointing towards N conventionally
deﬁnes the [0001] direction. A structure is said to be Ga-polar or Ga-terminated when
its growth direction is [0001]. Reciprocally, a crystallographic structure is said N-polar
when its growth direction is [0001¯]. The main eﬀect on DAFS spectra measured with
Bijvoet reﬂections is the relative change in intensity after the edge. This is simply
because φT − φA is changed into its opposite ϕA − ϕT (note that it is not exactly
true when taking into account the weak anomalous scattering of the non resonant
atoms). Therefore, in a ﬁrst approximation Bijvoet reﬂections will give about the
same composition, but to obtain an unbiased value, polarity must be taken into
account.
At this point it is worth noting that we have mentioned above three eﬀects that
modify the intensity level at and above the edge: ﬂuorescence (increase), absorption
(decrease) and non centrosymmetry as in the case of polar wurtzite structure (decrease
or increase).
3.3.4 Data reﬁnement
The cusp of DAFS spectra, corrected for background intensity and absorption, is
given by the energy dependence of |F (Q, E)|2. Knowing the crystallographic struc-
ture as well as f ′ and f ′′, the ﬁt of Eq. (18) to DAFS spectrum allows one to reﬁne
the occupation factor of the resonant atoms. See Sect. 5.1 which reports the study
of GeSi binary alloy for which the knowledge of the crystallographic structure is not
necessary a priori for determining the composition.
To obtain the correct Al content in AlGaN NWs (wurtzite structure), the strategy
is as follows: Equations (18) and (4) are ﬁtted to DAFS spectra corrected for ﬂuores-
cence, in the whole energy range, ignoring absorption and polarity at ﬁrst. This gives
the geometrical parameters K and D(E) as well as values of |FA|
f0A|FT | and (ϕT − ϕA),
the latter being aﬀected by absorption and polarity. Then, the Al occupation factor
is reﬁned with the structure factor calculated with the wurtzite structure by ﬁtting
Eq. (18) to DAFS spectra in the energy range only below the edge.
Figure 4(b) shows the experimental DAFS spectrum measured at h = 1.03 and
l = 5.05 (k = 0), corresponding to the Ga-rich AlGaN NWs, together with the ﬁt
curves for the N-polar and Ga-polar orientations. To determine the polarity we must
take into account self absorption, which is small but not negligible because the NWs
are Ga rich, 0.7μm long and dense. According to expression 19 for A(E), the ﬁt of Eq.
(18) to the DAFS spectrum (in the whole energy range), with Ga-polar orientation,
gives an eﬀective absorption length t/ sinα (α = 34◦) equal to 470nm. This value is
correct whereas in the case of a ﬁt with N-polar orientation the eﬀective absorption
1 Friedel pairs refer to reﬂections with Miller indices hkl and h¯k¯l¯ while Bijvoet pairs
[57] more generally refer to pairs of reﬂections which are symmetry-related (including
the additional inversion center), but have diﬀerent intensities (i.e. Friedel’s law does not
hold).
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length t/ sinα is much too large. Therefore AlGaN NWs are Ga-polar and the Al
content is equal to 0.11. In contrast with GaN NWs grown on Si(111) [58], the po-
larity of AlGaN NWs is tentatively assigned to the simultaneous exposure of Si(111)
surface to both Ga and Al.
Last but not least, the ﬁtting of DAFS spectrum cusp (corrected for ﬂuorescence
and absorption) gives the scale factor SD (Eq. (9)) and the crystallographic phase
ϕ0−ϕA (Eq. (10)) which are used to analyse ﬁrst order EDAFS oscillations (see Sect.
3.1). Normalisation of the experimental EDAFS oscillations can readily be obtained
by mutiplying SD to the EDAFS extracted signal
I−I0
I0
(where I0 is the diﬀracted
intensity without oscillations).
4 Applications of MAD to study semiconductor nanostructures
4.1 Composition of Ge quantum dots (QDs) deposited on silicon
The GIMAD technique has been used for the study of a large number of nano-
structures: it is particularly interesting in the case of epitaxial nano-structures, as
there is a wide range of synthesis parameters: growth mode (Stranski-Krastanow,
Volmer-Weber for quantum dots, Vapor-Liquid-Solid for nanowires, etc...), tempera-
ture, ﬂux of the components, type of deposition (Molecular Beam Epitaxy, Molecular-
Organic Chemical Vapor Deposition), etc...
All these parameters can alter the result of the synthesis, particularly regarding
the shape of the grown objects, their strain ﬁeld (relaxation with or without plastic
defects), and interdiﬀusion between the grown nano-structures, the substrate and/or
the capping material.
Among semiconductor nano-structures, Germanium deposited on Silicon is one
of the most studied systems. In this example [59], ≈ 6 monolayers of Germanium
where deposited on a Si (001) substrate at T = 650◦C, yielding fairly monodisperse
Germanium domes [60], with a height of ≈ 20 nm and a diameter around 120 nm.
In order to determine the degree of the interdiﬀusion between Ge and Si, GIMAD
was performed at the CRG BM02 beamline of the European Synchrotron Research
Facility [19]. Radial scans (along the [100] direction) were measured around the 400 in-
plane reﬂection of the silicon substrate using 12 diﬀerent photon energies around the
Germanium K-edge at E = 11.103 keV. The incident angle was αi = 0.12
◦, below
the silicon critical angle at αc = 0.16
◦, in order to enhance the scattering signal from
the islands rather than that of the silicon substrate.
The 12 radial scans were processed using the NanoMAD program [44], and the
results are shown in Fig. 5: it is possible to extract the partial structure factors from
Si and Ge as a function of the h coordinate in reciprocal space, and henceforward the
relative composition of Germanium can be extracted (Fig. 5(b)).
As the Ge islands are relatively large, it can be decomposed in so-called iso-strain
layers [33], each diﬀracting at a diﬀrent h value. Eﬀectively, this means that the com-
position vs. h corresponds to the variation of the composition with the height in the
island. Although it is beyond the scope of this article, it should be noted that it is
also possible to determine the lateral size of each iso-strain layer, by performing an
angular scan for each considered h value (see [43] for more details), and henceforward
obtain a more complete 3D view of the shape, composition and strain in the dots.
Finally, we measured 2D scattering maps by GIMAD and performed the same
MAD data analysis, as reported for the in-plane 400 reﬂection, on the same type
of sample, at ID01 beamline of ESRF. The 602 reﬂection was measured in grazing
incidence at 12 energies close to the Ge K-edge using a 1D VantecTM detector. The
corresponding 2D map with the Ge partial structure factor is shown in Fig. 6. It was
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Fig. 5. (a) Scattered amplitude along the radial direction ([100] direction), around the 400
reﬂection, at αi = 0.12
◦, with the data extracted from GIMAD data: raw amplitude at
E = 11 keV (black), total (blue) and partial structure factors for Ge (red) and Si (green).
(b) Ge composition (in percent), as extracted from GIMAD data, as a function of h (r.l.u.).
The sharp peak at h = 4 corresponds to the Si substrate. The broad peak at lower h values
corresponds to the Ge QDs, the peak proﬁle is related to the strain gradient inside the dots
and must be evaluated by taking into account multiple reﬂections at the substrate surface,
using the Distorted Wave Born Approximation (DWBA) [33,45,59].
Fig. 6. Diﬀraction map recorded around the 602 reﬂection, using a grazing incident angle.
The 2D map was recorded using a 1D VantecTM detector, at 12 energies around the Ge
K-edge – in this image is shown only the partial structure factor FGe [61].
interpreted by comparison with calculated maps obtained by using an elastic model.
The results are given in reference [61].
4.2 Example 2: Strain relaxation in GaN quantum dots capped with AlN
GaN nano-structures have recently attracted considerable interest, in view of a wide
range of applications due to their photo-luminescence properties (with or without
doping) around the visible range.
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Fig. 7. GIMAD on GaN quantum dots: (a) data for one layer of GaN quantum dots capped
with AlN layers of various thicknesses. The extracted FGa allows to determine the average
in-plane strain in the GaN QD. (b) Evolution of the in-plane strain (εxx) for GaN and AlN
as a function of the number of AlN capping layers deposited.
In this example [50], ≈ 6 monolayers of GaN were deposited on a buﬀer layer of
AlN, grown on a SiC substrate, using a modiﬁed Stranski-Krastanov growth mode
[62], yielding GaN quantum dots with an average height of ≈ 3 nm and a diameter of
≈ 15–20 nm. Then, several samples were grown with diﬀerent thicknesses of AlN as
capping layer above the GaN quantum dots, in order to study the relaxation process
as a function of the capping thickness.
In order to separate the scattering from GaN and AlN, GIMAD was performed at
12 energies around the Ga K-edge at E = 10.367 keV. The extracted partial structure
factor from Ga is shown in Fig. 7(a), clearly exhibiting the shift of the average strain
in the GaN islands as more layers of AlN are added. Compared to the Ge/Si system, it
is not possible to decompose the signal in iso-strain regions, due to the much smaller
size of the islands.
In Fig. 7(b) the average in-plane strain is plotted as a function of the thickness of
the capping AlN layer – the average strain state of the AlN layer was also extracted. It
shows that the strain state of the AlN capping layers is inﬂuenced by the underlying
GaN QDs up to a thickness of 30 ML. This leads to a strained crystalline surface up
to 30 ML of capping material, which explains the vertical correlation observed when
stacking several layers of GaN QDs [50,63].
5 Combining MAD and DAFS to study semiconductor
nanostructures
In this section we report on a few examples of the application of MAD and DAFS
to the structural study of semiconductor nanostructures. We chose the case of free
standing Ge/Si nanoislands and AlGaN nanowires (NWs). These two systems are
quite diﬀerent from each other both morphologically and concerning their physical
properties. Also, in the ﬁrst example, Grazing Incidence geometry was necessary
whereas for the NWs we used a large incidence.
In the case of Ge/Si the main issue is to determine the actual composition of the
islands, due to the very strong intermixing eﬀect with the Si atoms of the substrate
during growth. This unique combination of GIMAD, GIDAFS and theoretical sim-
ulations, is shown to disentangle strain and composition, to probe the average Ge
composition especially in the region of the substrate/island interface and thus to elu-
cidate the vertical compositional proﬁle inside dome-shaped islands.
III-Nitrides instead, are scarcely aﬀected by unwanted intermixing of the III group
elements. Nevertheless the growth of ternary Nitrides (such as AlGaN) is complicated
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due to the great diﬀerence between Al and Ga diﬀusion coeﬃcients, and the compo-
sition can be quite inhomogeneous. Composition gradients can appear, modifying
the optical properties of the material. Moreover this example is quite didactic since
it shows a very direct application of the simultaneous chemical/site selectivity of
the technique and its immediate sensitivity to the presence of composition gradi-
ents. These examples also serve to illustrate DAFS spectra reduction and analysis
(see Sect. 3.3).
5.1 Ge/Si nanoislands
GeSi nanostructures have been widely studied, from the beginning of semiconductor
research, on one hand for device applications and integration on Si-based technology
[64,65], and on the other hand, as a model system for semiconductor alloys. Their
composition has been experimentally studied by various techniques such as quanti-
tative high-resolution Transmission Electron Microscopy (TEM) [66], X-ray Energy
Dispersive Spectrometry (XEDS) [67], X-ray Absorption Fine Structure spectroscopy
[68], Anomalous X-Ray Diﬀraction (AXRD) [41–43,69,70] and by combining selective
wet chemical etching with Atomic Force Microscopy (AFM) [71].
Using these techniques, a strong eﬀect of Ge-Si intermixing giving diﬀerent com-
position proﬁles [71–73] has been reported. The general view emerging from these
studies is that surface diﬀusion (i.e. migration of Si and Ge adatoms at the surface)
must be regarded as the most active process to explain intermixing. Reference [74]
gives an exhaustive review of previous investigations on compositional mapping in
SiGe islands.
5.1.1 Experimental
The sample studied here was grown by Molecular Beam Epitaxy (MBE). Dome-
shaped islands were obtained by depositing 5.5 monolayers (ML) of Ge at 650 ◦C on
a ﬂat Si(001) substrate with a Ge growth rate of 0.03 A˚/s. AFM analysis shows that
the domes are rather homogeneous in size with an average height of 19 nm and a
diameter of about 80 nm, respectively.
Grazing incidence MAD and DAFS measurements were performed at beamline
BM02 and ID03 at the ESRF, Grenoble, and analysed as described in previous pa-
pers [19,30,75]. The measurements were performed ex situ in vacuum environment
after growth. An amorphous oxide layer is possibly present but it would not extend
by more than 2nm from the top surface, thus having no inﬂuence on the reported
results. All direct or reciprocal space notations below refer to the bulk Si unit cell
(a = b = c =5.431 A˚, α = β = γ = 90◦). The Miller indexes h, k and l are expressed
in reciprocal lattice units (r.l.u.) of bulk Si.
The GIMAD (resp. GIDAFS) experiments were performed at the Ge K-edge
(11.103 keV) at an incident angle αi = 0.1
◦ (resp. αi = [0.2 − 0.25◦]). The Si crit-
ical angle αc is 0.163
◦ at 11 keV. Grazing incidence geometry was used to enhance
the weak contribution of the islands with respect to that of the substrate. Scattered
intensity was recorded by a linear gas-detector (VantecTM ) and integrated over the
exit angle αf in the range of 0 to about 1.5
◦.
5.1.2 Atomistic simulations
We carried out an atomistic structural modelling of the {dome + substrate} system
with the aim of improving the interpretation of the experimental data by simulating
X-ray diﬀraction (see Fig. 8).
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Fig. 8. (a) Perspective top view of the GeSi/Si(001) faceted dome-shaped structural model.
The model has a diameter and height of 76 and 19 nm respectively, with a homogeneous
chemical composition of 60% Ge, it is made of about 2 million of atoms. (b) Experimental
(exp) and simulated (sim) square-root of the scattered intensity near the Si 440 reﬂection
for incident angles near the critical angle.
The chemical composition proﬁle was modelled as a step function, i.e. an abrupt
Si substrate/dome interface and a homogeneous distribution in the GexSi1−x dome
with x = 0.6 (see next section). The size of the island was set at the real dome size. Its
morphology reproduces the dome shape, including faceting ({105}, {113}, {15 3 23}).
The diameter and depth of the Si substrate volume included in the calculation were
set to 1.3 (resp. 2.0) times the diameter (resp. height) of the dome. These optimized
values were ﬁxed after running several energy minimizations for diﬀerent substrate
sizes and a dome of smaller size than the experimental one but with the same aspect
ratio (the relaxation state of the island depends essentially on this parameter [76]).
The total number of atoms of the model was about 21 million, 2 million of which
correspond to the dome. The system energy was described by the Tersoﬀ potential
[77]. At ﬁrst, the atoms of both the dome and substrate were located at the bulk Si
crystallographic sites. The energy minimization was carried out by means of parallel
classical Molecular Dynamics, cooling down the system to nearly 0 K using LAMMPS
code [78,79]. Periodic and ﬁxed boundary conditions were applied to the lateral di-
mensions (x,y) of the substrate and to the deeper atomic plane of the Si substrate,
respectively.
Once the relaxed cluster has been obtained all the individual atoms positions are
deﬁned, then one can calculate GIMAD, EDAFS oscillations and EDAFS weights,
and compare them with experimental data. For instance, Fig. 8 shows that, in the
present case, the agreement between experimental data and calculations is very good
as far as GI X-Ray Diﬀraction is concerned. We have also shown in Sect. 3.1, as a
matter of basic principles illustration, the simulated EDAFS weights (w′j=Ge).
The composition proﬁle has been also simulated by MAD formalism applied to
the {dome+substrate} diﬀraction and compared to the experimental one obtained, as
previously explained in Sect. 2, out of GIMAD h- (or h=k -) scans with the NanoMAD
program [44,47]. The comparison is shown in Fig. 9.
One can see that the simulated GIMAD proﬁle is not as sharp as the step function
composition used for the model cluster, this means that the strained substrate un-
derneath the domes smears out the composition proﬁle extracted by MAD (in-plane
diﬀraction probes the in-plane lattice parameter that is continuous at the interface).
This is not only a straightforward result [27] but also a very important one: at the
dome/substrate interface region, composition and strain can not be properly disentan-
gled by in-plane MAD in the case of a sharp interface region. The simulated EDAFS
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Fig. 9. Experimental Ge composition xGe determined by GIMAD (black open circles), by
ﬁtting GIDAFS cusp (green open squares) and EDAFS analysis (red ﬁlled circles). The ex-
perimental curves are compared with simulated MAD data (pink diamonds and blue circles)
obtained taking into account the scattering of the dome, and the {dome + substrate}. The
curves are plotted as a function of reciprocal unit h around Si 400 and height z above the
sample surface.
weigths w′j=Ge shown in Sect. 3.1 to quantify the EDAFS spatial resolution in the
real space, clearly put in evidence that the best resolution is obtained close to the
interface, i.e. where MAD fails due to the scattering contribution of the strained Si
substrate underneath the domes.
5.1.3 EDAFS results
We measured GIDAFS spectra at the Ge K -edge and analyzed the GI-Extended-
DAFS oscillations that show up above the edge. The analysis of the EDAFS
oscillations gives the short range order structural environment of Ge atoms inside
the domes and allows one to determine, independently of MAD, the Ge content of
the islands as a function of z above the sample surface. In particular we want to
obtain composition in the region of the dome close to the dome/substrate interface.
Figure 10 shows three DAFS spectra measured at diﬀerent in-plane Q (h,k,0 ) vectors
which correspond to three iso-strain regions in the dome located at diﬀerent heights
z (Table 1) [47].
As stated in Sect. 3.3, in the case of a binary alloy one can use MAD formalism
to obtain a model free and precise value of the Ge content, as seen by MAD, from
DAFS spectra. Then, for each of them, a cusp best ﬁt was obtained over the entire
energy range by ﬁtting Eq. (5) to the data and reﬁning |FGe||FSi| and ϕSi − ϕGe.
Due to the grazing incidence/outgoing geometry the Distorted Wave Born
Approximation must be considered for writing the structure factor and further
analysing DAFS data (see for instance references [31,75,80]). It is worth noting that
Eqs. (2), (4) and (5) still hold since for large (in-plane) scattering angles (2θ), as is the
case in this experiment, the total intensity is the product of the modulus squared of
the structure factor calculated in the Born Approximation times a DWBA pre-factor
[75,80]. Provided that the substrate does not contain resonant atoms (Ge atoms), the
intensity pre-factor (including the reﬂection coeﬃcient at the Si surface) has no anom-
alous energy dependence at the edge. We also want to note that something like a GeSi
wetting layer could exist on the top of the Si substrate (see for instance [81]) that could
introduce anomalous variations of the DWBA pre-factor. In the case of this sample,
when including a wetting layer in our simulations no noticeable change is observed
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h = 3.939 ; z = 9 nm ; αi = 0.1°
h = 3.959 ; z = 6 nm ; αi = 0.2°
h = 3.979 ; z = 3 nm ; αi = 0.2°
Fig. 10. GIDAFS spectra measured at ﬁxed Q(3.939, 0, 0), Q(3.959, 0, 0) and
Q(3.979, 3.979, 0) vectors to which correspond iso-strain regions at diﬀerent heights z in
the dome.
Table 1. Ge content xGe and the crystallographic phase diﬀerence ϕSi − ϕGe obtained by
ﬁtting Eq. (4) to GIDAFS spectra (see Sect. 3.1). z is the height above the Si substrate
surface of the iso strain region inside the dome selected by the diﬀraction condition. Δψ =
ϕ0−ϕGe− π2 (rad.) and SD are the Extended DAFS scale factor and crystallographic phase
correction, respectively. Their values are calculated with ϕT −ϕGe and βTGe (Eqs. (9), (10)
and (11)).
h,k,l xGe xGe ϕSi − ϕGe z αi Δψ SD
ZB (rad.) (nm) (◦) (rad.)
3.939,0,0 0.58±.02 0.67±.02 -0.9 9.1 .1 -2.2 3.2
3.959,0,0 0.66±.02 0.80±.02 -1.0 6.0 .2 -1.55 3.0
3.972,3.972,0 0.24±.02 0.26±.02 -0.5 4.0 .2 -1.8 4.6
3.974,3.974,0 0.16±.02 0.16±.02 -0.6 3.7 .2 -2.0 6.6
3.979,3.979,0 0.09±.02 0.09±.02 -0.8 3.0 .2 -2.2 -
in comparison with the one of the wetting layer-free {dome+substrate} scattered
intensity.
Then, for each DAFS spectrum, the Ge content is obtained in a straightforward




(1−xGe)f0Si , where xGe is the Ge con-
centration. Table 1 reports xGe calculated for the diﬀerent Q(h, k, l) vectors. The
values are in very good agreement with those obtained from the simulated MAD (see
Fig. 9). The table also gives the EDAFS normalisation factor, SD, and the EDAFS
crystallographic phase correction, ϕ0 − ϕGe, calculated with the ﬁt parameters |FGe||FSi|
and ϕSi−ϕGe (Eqs. (9) and (10)). Interestingly, Table 1 shows that ϕSi−ϕGe is never
equal to zero and always negative. It can be as high as -1 rad. A negative value means
that the intensity level after the edge is being lowered. This means that diﬀraction
does not “see” a homogeneous GeSi alloy in the iso strain region selected by diﬀrac-
tion. There could be several reasons for retrieving non zero, negative ϕSi − ϕGe: e.g.
the spatial distributions of Si and Ge atoms are not equivalent. This is the case for h
close to 4 since part of the strained Si substrate underneath the dome contributes to
the signal. For this h value indeed, our simulations give a negative phase diﬀerence of
about the right value. Instead, for h as low as h=3.939 and h=3.959, simulations with
a homogeneous Ge and Si spatial distributions do not explain the negative values.
While there is still work to be done to understand that point, a relevant question is:
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Fig. 11. GI-EDAFS spectra (open circles) measured at ﬁxed vectors (d)Q(3.974, 3.974, 0.0),
(e)Q(3.959, 0, 0.0) and (f)Q(3.939, 0, 0.0), to which correspond iso-strain regions of diﬀerent
heights z in the dome, together with the best ﬁt curves (solid lines). The ﬁtting was performed
in k -space in the range of 3 to 10 A˚−1. Experimental data are also compared to EDAFS
oscillations (a,b,c) calculated at the same Q vectors as (d,e,f) using the model cluster (solid
lines). Broken lines show EDAFS oscillations calculated for the relaxed alloys with 0.6 (b,c)
and 0.5 (a) Ge contents to compare the eﬀect of strain and composition.
what would the Ge content be if one assumes a homogeneous GeSi alloy to ﬁt the
DAFS spectrum ? To answer this question, we have ﬁtted the DAFS cusp with a
GexSi1−x alloy and a Zinc-Blende structure (ϕSi−ϕGe = 0). The ﬁt was done in the
energy range below the edge (in the region where the exact value of ϕSi − ϕGe has
little inﬂuence). The results are given in Table 1 (xGe (ZB)). They show that the Ge
content is the same as the one found with MAD approach for ϕSi−ϕGe values higher
than -0.8 rad. For ϕSi − ϕGe = −0.9 rad the diﬀerence is about 10%.
The EDAFS oscillations, extracted by spline subtraction of the smooth atomic
background are shown in Fig. 11 as a function of the wavenumber k, and labeled
by the corresponding h value. A quantitative analysis of EDAFS oscillations allows
a direct determination of the Ge coordination numbers (local composition) and Ge-
Ge(Si) interatomic distances (strain) in the iso strain region selected by the diﬀraction
condition. To do so, we ﬁtted the parametric expression for χQ(k) (Eq. (17)) to the
experimental EDAFS oscillations.
The analysis was performed according to the standard EXAFS formalism. The-
oretical phases and amplitudes were generated by the Feﬀ8.02 code [82], by using
potential self-consistency and taking into account the [001] polarization direction of
the incident and outgoing X-ray photons. A cluster of 0.6 nm was generated with a
central Ge absorber surrounded either by Ge or Si backscatterer atoms. The ﬁtting
of theory to experiment was performed by the least-squares minimization code Ifeﬃt
implemented in the Artemis package [83,84]. The presence of Si in the Ge environ-
ment is simulated by splitting the relevant scattering paths into Ge-Ge and Ge-Si
pairs and combining the corresponding theoretical signals while keeping the overall
coordination ﬁxed to the zincblende values (N = NGe +NSi = 4, for ﬁrst coordina-
tion shell and N = NGe +NSi = 12, for second one). Triangular multiple scattering
(MS) paths Ge-Ge(Si)-Ge(Si) were also included when relevant. The best ﬁt curves
are shown in Fig. 11, as solid curves, and best ﬁt parameters in Table 2.
A small change in shape, a bump, is observed for h = 3.974 at about 4.2 A˚−1,
which is well reproduced by the ﬁt. It is due to a slight change both in coordination
numbers and interatomic distances. The oscillations proﬁle at low k is very sensitive
to the presence of Si as a scatterer, due to diﬀerent backscattering amplitude functions
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Table 2. Best ﬁt results for interatomic distances (R in A˚), Ge concentration for ﬁrst (I)
(xGe) and second (II) (yGe) coordination shells. Errors on distances are ±0.02 and ±0.03 A˚
for ﬁrst and second shell, respectively. Errors on concentration are about ±0.1. Interatomic
distances for bulk Ge, Si and Ge0.5Si0.5 relaxed alloy are given for comparison.
Sample h k l xGe yGe R(GeGe(SiSi))I R(GeSi)I R(GeGe(SiSi))II R(GeSi)II
Bulk Ge(Si) - 1 1 2.45(2.35) - 4.0(3.83) -
Ge0.5Si0.5 - 0.5 0.5 2.43 2.40 3.93 3.92
Experiment 3.974 3.974 0 0.6 0.4 2.40 2.40 3.9 3.9
3.959 0 0 0.6 - 2.40 2.39 3.9 3.9
3.939 0 0 0.7 - 2.42 2.40 3.9 3.9
of Ge and Si. In Table 2, the values of the interatomic distances are compared with
those of bulk Ge and Si and with those of relaxed Ge0.5Si0.5 alloy. For comparison,
Fig. 11 also shows the χ(k) oscillations calculated by the atomistic model and Eq. (8)
(Eq. (17) can also be used). We observe a tendency of increasing values of both Ge-Ge
and Ge-Si interatomic distances while going from the base to the top of the dome, in
agreement with lattice relaxation, and a slight increase of Ge concentration along the
growth direction, z. Nevertheless, regarding strain, a better signal-to-noise ratio and
measurements with polarization both parallel and perpendicular to the surface would
be needed to provide a more precise determination of interatomic distances. Regard-
ing composition, the Ge concentration values have been split out, for h = 3.974, in
xGe and yGe, corresponding to the Ge population of ﬁrst (I) and second (II) shell
respectively, and both reﬁned as ﬁt parameters. They should be equal for a random
alloy and they are meaningful to detect possible deviations due to the asymmetry of
composition at dome/substrate interface. Indeed, in this case the region probed by
EDAFS is a thin slice at the very base of the dome (see Fig. 3), so that the weight of
the interface in the EDAFS signal is enhanced with respect to the upper regions. The
introduction of this extra parameter improved the ﬁt quality only for the spectrum
corresponding to h = 3.974. If we consider that xGe is closer to the real average com-
position, we can state that dome composition, even at its base is at least Ge0.6Si0.4.
This is in contrast with the value of about 20% Ge found by MAD for the same z
value. For h = 3.939 and h = 3.959, the ﬁt was not improved by splitting out the Ge
content and we report a single xGe value in Table 2. We also observe a slight increase
of Ge content from the base to the top of the dome. Regarding the interface nature,
one can compare our results with the ﬁndings reported in references [71,85] for domes
grown at 720–740 ◦C: after a selective chemical etching of the domes the substrate
underneath has a tree-stump shaped structure. The interface dome/substrate is at
the strained Si stump, the height of which is of about 2 nm. The composition proﬁle
is rather abrupt, switching from the almost pure Si in the stump to the about con-
stant 30% Ge concentration in the dome. This is in good agreement with our results,
considering that in our case the higher Ge content is due to the lower growth temper-
ature of 650 ◦C. In the present study the stump/dome interface is located, according
to Fig. 9 at h = 3.98 (z = 2.1 nm, the zero of our z-scale correspond to the ﬂat bulk
Si substrate and h = 4). The relevance of EDAFS results resides in the direct deter-
mination of dome composition given by an EXAFS-like short-range-order probe. It is
aﬀected by errors due to signal to noise but it is free from spurious eﬀects that can
be present in MAD extraction due to the proximity of the Si substrate’s diﬀraction
peak.
5.2 AlGaN nanowires
III-Nitride semiconductor materials are of major importance for blue and UV light
emission applications, although their ultimate potentialities are still plagued by the
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Fig. 12. Scanning Electron Microscopy of AlGaN nanowires grown on Si(111) [94].
high density of dislocations (107–1010 cm−2) and other structural defects resulting
from the lack of lattice-adapted substrates. By contrast, GaN nanowires (NWs) ex-
hibit an exceptional crystalline quality [86,87], which makes them serious candidates
for the design of high eﬃciency III-N NWs-based devices. Actually, it has already been
demonstrated that GaN/InGaN/GaN and AlGaN/GaN/AlGaN NW heterostructures
can be succesfully grown to achieve light emitting diodes (LEDs) in the visible [88,89]
and UV [90] range, respectively.
It has been established that GaN NW growth is mostly driven by in-plane Ga
diﬀusion towards NW base, followed by a diﬀusion on their side and, ﬁnally, incor-
poration on top, provided that the growth temperature is high enough [91–94]. As
surface adatom diﬀusion in the basal plane as well as along the (11¯00) walls of NWs
[94–96] is critical, it is expected that growth of ternary (InGaN or AlGaN) NWs will
be strongly dependent on the diﬀerence in diﬀusion of diﬀerent adatom species. In
particular, in the case of AlGaN NWs, the question arises of predicting/controlling
their composition, due to the fast diﬀusion of Ga compared to Al. It is the goal of this
study to provide insight on the growth mechanism of AlGaN NWs and in particular
to clarify the issue of a possible composition gradient related to the diﬀerent diﬀusion
lengths of Al and Ga adatoms.
5.2.1 Samples
The sample (Fig. 12) was grown by Plasma-Assisted Molecular Beam Epitaxy
(PAMBE), catalyst-free, in standard nitrogen-rich conditions. The nominal Al content
in the ﬂuxes was 40%. A 3-4 nm AlN buﬀer layer was deposited onto the substrate
to improve wire orientation [91,94]. Figure 12 shows 0.7μm long AlGaN nanowires
whose base is embedded in a rough 300 nm thick AlGaN layer. The question is twofold:
what is the Al content in the wires and is there any Al/Ga concentration gradient?
5.2.2 Multiwavelength anomalous diﬀraction
MAD and DAFS measurements were performed at beamline BM2 at the ESRF.
A linear gas-detector (VantecTM , Bruker) was used to record the scattered inten-
sity. MAD 2D maps were measured at 12 energies across the Ga K -edge (10367 eV),
close to the specular GaN 105 and AlN 105 Bragg reﬂections. The x-ray beam lin-
ear polarisation was perpendicular to the diﬀraction vector and was oriented 65◦
with respect to the [0001] direction. The modulus of anomalous (resp. non anom-
alous) structure factors |FGa| (resp. |FAl+N |) and the phase diﬀerence ϕAl+N − ϕGa
were recovered as a function of the reciprocal lattice unit h,l by NanoMAD [44]
(FGa,Al+N (hkl) = |FGa,Al+N (hkl)| eiϕGa,Al+N (hkl)).
Figure 13 shows 2D maps in reciprocal space representing the modulus of anom-
alous and non anomalous structure factors. It also shows the positions of relaxed GaN
and AlN 105 reﬂections. At ﬁrst glance, there are two scattering spots, one centered
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Fig. 13. 2D experimental map recorded around the 105 reﬂection for AlGaN nanowires,
extracted using MAD: (a) Ga (FGa) and (b) Al and N (FAl + FN ) partial structure factors.
The two main scattering spots correspond to Ga-rich and Al-rich AlGaN contributions,
between the positions for bulk AlN and GaN (indicated by white dots). The cross points of
dash-lines correspond to the reciprocal space points where the DAFS spectra were measured.
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Fig. 14. (a) DAFS spectra (corrected for ﬂuorescence) measured at h = 1.03, l = 5.12
and h = 1.03, l = 5.05 (k = 0), see ﬁgure 13. (b) Ga K-edge EDAFS oscillations for
GaAlN nanowires at h = 1.03, l = 5.12 and h = 1.03, l = 5.05 (k = 0), together with the
corresponding best ﬁt curves.
at h = 1.02, l = 5.05 and the other, centered at h = 1.03, l = 5.12, i.e. very close
to the relaxed AlGaN line, which connects the relaxed GaN and AlN 105 reﬂections.
The former corresponds to a Ga rich AlGaN whereas the latter corresponds to an
Al rich AlGaN. To obtain the Al content, DAFS spectra were measured at these two
positions (h = 1.03, l = 5.05 and h = 1.03, l = 5.12).
Figure 14 shows the intensity variation as a function of the energy, measured by
the linear detector. Fitting of DAFS cusps, assuming an AlGaN compounds with the
wurzite structure, gives an Al content of 0.7 (resp. 0.11) for h = 1.03, l = 5.12 (resp.
h = 1.03, l = 5.05). An Al content of 0.11 is consistent with the cathodoluminescence
of the wires, therefore we have safely attributed the scattered intensity at h = 1.03,
l = 5.05 to the wires. A close inspection of Fig. 13 shows that the Ga and the Al+N
structure factors of the Al rich spot are not superposed, as highlighted by the hori-
zontal dotted lines. This means that a composition gradient/segregation exists in the
2D AlGaN layer which grows between the wires.
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Table 3. EDAFS best ﬁt results for nanowires. Error bars on interatomic distances range
from ± 0.01 to 0.03 A˚. Debye-Waller values range from 3 to 7 10−3A˚2. Error bars on xAl are
about 0.05. Labels ⊥ and // respectively correspond to directions perpendicular and parallel
to the substrate surface.
Sample Bulk GaN Bulk AlN nanowires l=5.05 nanowires l=5.12
R(Ga-N) (A˚) 1.947 - 1.94 1.93
R(Ga−Ga)⊥ (A˚) - - 3.15 3.13
R(Ga−Ga)// (A˚) 3.189 - 3.17 3.14
R(Ga−Al)⊥ (A˚) - 3.11 3.12(ﬁxed) 3.12
R(Ga−Al)// (A˚) - - 3.12(ﬁxed) 3.12
c (A˚) 5.186 4.982 5.18 5.10
xAl 0 1 0.1 0.45
c/a 1.626 1.6 1.64 1.62
5.2.3 Diﬀraction anomalous ﬁne structure
Figure 14 shows the background subtracted EDAFS oscillations together with the cor-
responding best ﬁt curves. Best ﬁt results are summarized in Table 3. The diﬀerence
between the two spectra is quite remarkable, both in the raw χ(k) and FT spectra. It
is due to the change in the local Ga environment related to the change in composition
of the two diﬀerent regions of the nanocolumn selected by diﬀraction. The sample is
much more Al- rich at l = 5.12. Quantitative results have been obtained by least
square ﬁtting of raw χ(k) using Ifeﬃt code implemented in the Artemis package.
Theoretical phases and amplitudes were generated using the Feﬀ8.2 software. DAFS
corrections to phases and amplitudes have been applied according to a ﬁrst order χ
approximation analysis scheme as described in reference [16]. They are deduced by
ﬁtting the smooth part of the DAFS spectrum. Polarization of the X-ray beam has
been taken into account considering that in the experimental diﬀraction conditions
the vector was not very far from being parallel to the sample surface (about 20◦). Fits
have been performed imposing hexagonal symmetry and taking into account single
and multiple (three atoms) scattering paths up to a distance of about 4.5 A˚from the
central Ga absorber.
Interatomic distances are coherent with composition although the c/a ratio shows
that the strain is not completely relaxed (Table 3). The Al content varies from x = 0.1
at l = 5.05 to x = 0.45 at l = 5.12. It is worth noting that Al contents as determined
by MAD and EDAFS in the Ga rich region (l = 5.05) are identical. Both probes see
an homogeneous alloy (NWs). On the contrary, a signiﬁcant diﬀerence is found for
the Al content of the Al-rich region, with respect to the value found by ﬁtting DAFS
cusp, x = 0.70 and x = 0.45, respectively. This is coherent with the presence of an
Al gradient/segregation as suggested by the comparison of the anomalous 2D maps
of Fig. 13. DAFS and EDAFS can probe, in case of an interface region as shown in
Sect. 5.1, or of gradient, clustering and in general structural inhomogeneities, diﬀerent
regions of the sample in real space.
In the present case, it is interesting to note that the bottom of the GaN NWs is
embedded in the 2D AlGaN layer and consequently compressed in the longitudinal
direction. So, both the GaN NWs and the 2D AlGaN layer are somehow matched
along the [0001] direction. Then, X-ray diﬀraction probes, by the 105 reﬂection, both
the NWs and the AlGaN layer, the Al content as determined by MAD corresponds
to the composition average. By comparison, EDAFS oscillations at the Ga K-edge
probe mainly the Ga rich NWs giving lower value of the Al content. This means
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that the comparison of EDAFS and DAFS/MAD results can be crucial for a correct
determination of the actual composition.
6 Conclusion and perspectives
In this paper we have given a thorough review of the application of MAD and DAFS
to the study of semiconductor nanostructures. With the aim to introduce the reader
to a technique that is still under-exploited, we have given:
– the basic principle of MAD and DAFS
– a thorough description of data reduction and analysis
– a selection of a few but meaningful examples.
A particular attention has been given to MAD/GIMAD that is now routinely used
for the analysis of epitaxial nano-structures. It has a number of remarkable features
compared to standard X-ray diﬀraction (including Grazing Incidence Diﬀraction):
– it allows the determination of the chemical composition in diﬀerent regions of the
sample (iso-strain approach), and the data acquisition is quite fast: e.g. from a
few minutes up to 1 hour for 12-energies measurements involving a single scan in
reciprocal space, for a few monolayers of material.
– it can be combined with a 1D or 2D detector for faster measurements
– the speed of the measurements allows in-situ analysis [50,97,98]
– analysis is straightforward and does not generally require a structural model.
The most important limit of MAD/GIMAD is that this technique can not separate
the signal from the nano-objects and the diﬀraction tails of the substrate, or between
diﬀerent iso-strain regions with the same strain (e.g. when studying buried objects
or materials separated by a coherent interface). Most often, this separation can be
performed using the GIDAFS technique.
On the experimental side, new technical/instrumental improvements are foreseen:
– X-ray detectors play a key role in the overall performance of synchrotron-based
experimental setups. 2D pixel detectors are particularly attractive to achieve pre-
cise measurements with a very high dynamical range (diﬀraction measurement for
instance), and to avoid wasting a very signiﬁcant part of the incoming photon ﬂux
by inserting attenuators. The use of 2D pixel detectors speeds up reciprocal space
maps acquisition and consequently MAD and DAFS measurements by allowing
the simultaneous acquisition of several DAFS and ﬂuorescence spectra. This will
deﬁnitely open the route for a better understanding and control of structural and
chemical changes under controlled atmosphere, as a function of annealing para-
meters (T, atmosphere). This kind of detector will also speed up DAFS studies of
powder nanostructures [99].
– For grazing incidence MAD and DAFS experiments, another major improvement
will be to stabilize the optical beam geometry and to focus the beam on the sam-
ple. This can be achieved with achromatic Kirkpatrick-Baez focusing mirrors [100],
which allow to focus the beam with a spot size smaller than 1 square micron, and
therefore to increase the incoming intensity caught by the sample. This will help
to avoid DAFS spectra distortions induced by the beam geometrical changes as
a function of energy. Furthermore, the use of focused X-ray beams gives the op-
portunity to provide structural and chemical information with a spatial resolution
given by the spot size. This will allow to perform MAD and DAFS studies at this
scale, a great opportunity in the study of heterogeneous samples.
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– Regarding synchrotron sources, new beamlines will be available, as for example the
new SIRIUS beamline at synchrotron SOLEIL (St Aubin, France). It is partially
dedicated to DAFS and GIDAFS in the intermediate energy range (2–10 keV).
This gives new possibilities, for instance, In L-edge can be reached allowing a
direct In site study in In-based nanostructures. In addition, beamline BM2 of
ESRF, where most of the work shown in this paper has been carried out, is now
being fully upgraded. The new optics and monochromator have been designed
taking into account DAFS experimental requirements and its performances for
this kind of experiments will be strongly improved.
On the materials side, the work achieved so far is small compared to the large diver-
sity of nanostructured semiconductors. One deals with continuously evolving mate-
rials which have almost immediate technological applications. For example, ternary
InGaN NWs with a spontaneous core-shell structure [51] or AlGaN NWs are under
study to solve the issue of composition, strain, local order, to provide a feedback
to the spontaneous core shell growth and to explain their optical properties. The
eﬀect of high temperature annealing is also being studied on QDs superlattices of
GaN/AlGaN, or ternary AlGaN thin ﬁlms to relate structural change/phase separa-
tion to optical properties.
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